This article presents the first measurement of the ratio of branching fractions BðÃ
Measurements in two control samples using the same technique Bð " 
I. INTRODUCTION
Amplitudes for the weak decays of b hadrons are described by the product of Cabibbo-Kobayashi-Maskawa (CKM) matrix elements [1, 2] and dynamical factors. The CKM matrix elements represent the coupling strength of the weak decays and are fundamental parameters of the standard model of particle physics. In order to extract values of the CKM elements, knowledge of the dynamical factors is needed either from experiment or theory. Calculation of the dynamical factors, in the case of b-hadron decays, is aided by heavy quark effective theory (HQET) [3] [4] [5] . HQET is an approximation relying on the large mass of the b quark ðm b % 4000 MeV=c 2 Þ, as compared with the quantum chromodynamics energy scale ðÃ QCD % 200 MeVÞ, to imply a spin-independent interaction between the b quark and the light degrees of freedom. In baryon spectroscopy, the light degrees of freedom are in a relative spin-0 state for all Ã-type baryons; there is no spin-related interaction between the b quark and the light degrees of freedom. Therefore, the subleading order corrections to the heavy quark limit are simpler than those mesons which contain a b quark (b mesons) [6] . Measurements of Ã 0 b -baryon branching fractions may be compared with predictions by HQET and test the calculation of dynamical factors to subleading order. However, in contrast to the b mesons, little is known about the Ã 0 b baryon. At the time of writing this article, only five decay modes of the Ã 0 b have been observed, with large uncertainties on their branching fraction measurements [7] . On the theoretical side, combining measurements of the CKM matrix element jV cb j and the world average of the Ã 0 b lifetime [7, 8] , the branching fraction predicted by HQET for
À " is 7.6% by Huang et al. [9] , and that for Ã 0 b ! Ã þ c À is 0.54% by Leibovich et al. [10] . An independent prediction of BðÃ À " decays result in four charged particles, which are observable in the detector and have a similar topology ( Fig. 1 ). Since both decays have a similar topology and satisfy the same trigger, most systematic uncertainties from the detector, trigger, and reconstruction efficiencies cancel in the measurement of the ratio of branching fractions. Throughout this article, the inclusion of charge conjugate decays is implied.
The ratio of the branching fraction of the Ã 0 b exclusive semileptonic decay relative to that of the Ã 0 b hadronic decay B exclsemi =B had is extracted from the ratio of signal yields ðN exclsemi =N had Þ divided by the ratio of acceptance times efficiency ð exclsemi = had Þ
The analysis procedure can be summarized in four steps: First, the hadronic ðÃ þ c À Þ and inclusive semileptonic ðÃ þ c À XÞ candidates are reconstructed. Second, the yields N had and N inclsemi are determined by fitting the mass distributions. Third, the contribution of backgrounds that produce a Ã þ c À in the final state is either measured or estimated and combined into N semibg . The estimate of N semibg requires a modification of the production cross-section ratio, À " decay will be used in the estimate of N semibg . Fourth, the ratio of the products of detector acceptance and reconstruction efficiency, had = exclsemi , is estimated from simulation.
The analysis method described above is tested by performing the same measurements in " B 0 decays, which have a similar event topology. Specifically, the following ratios of branching fractions are measured:
and Bð "
The results of the " B 0 measurements are compared with previous results from the B factories [7] to check the techniques used in this analysis.
This article is structured as follows: Section II describes the relevant parts of the CDF II detector and trigger. Section III details the event selections for the Ã þ c À and Ã þ c À X samples. Section IV describes the simulations used in this analysis. Section V gives an account of the determination of the yields N had and N inclsemi . In Sec. VI, N semibg is estimated. Section VII includes measurements and estimates of the branching fractions of other Ã 0 b semileptonic decays, which may contribute to N semibg , and an estimate of BðÃ B 0 . Section VIII summarizes the systematic uncertainties. Section IX shows the measurements with the " B 0 control samples using the same analysis technique. Section X compares the results of the Ã 0 b and " B 0 relative branching fractions with the predictions from HQET and the world averages, respectively. Finally, Sec. XI gives the conclusion. Unless stated otherwise, branching fractions, fragmentation fractions, and lifetimes are obtained from the Particle Data Group world averages [7] . The symbols ''H c '' and ''H b '' are used to generically denote hadrons containing charm and bottom quarks, ''c hadrons'' and ''b hadrons,'' respectively. The symbol ''MC,'' which stands for ''Monte Carlo'', is used to generically denote simulation. 
II. THE CDF II DETECTOR AND TRIGGER
The CDF II detector is a cylindrically symmetric apparatus described in detail elsewhere [13] . Only the parts of the detector relevant for this analysis are summarized here. The crucial features of the detector for this measurement are the tracking and muon systems. The tracking system, which enables reconstruction of the trajectories of charged particles, is contained in a superconducting solenoid, which generates a 1.4 tesla magnetic field in the Àz direction [14] . The 96-cm long silicon vertex detector (SVX II) [15] consists of six equal subsections in z and five concentric layers of double-sided silicon sensors from r ¼ 2:45 cm to r ¼ 10:60 cm. The 310-cm long central outer tracker (COT) [16] , an open-cell wire drift chamber, consists of 96 sense wire layers from r ¼ 40 cm to r ¼ 137 cm which are grouped into alternating axial and AE2 stereo superlayers. The SVX II and COT provide both r À and z position measurements in the pseudorapidity region of jj < 2 and jj < 1 [17] , respectively. The 452-cm long central muon detector (CMU) [18] , a set of drift chambers mounted outside of the central hadron calorimeter at r ¼ 347 cm, contains four sense wire layers, which allow the formation of short track segments (stubs) and identify the muon candidates in the region of jj < 0:6.
The data for this analysis are collected with a threelevel, two-track trigger that selects events with a displaced vertex. Consequently, data satisfying this trigger are rich in heavy flavor with a low background from the combination of random tracks (combinatorial background). A schematic diagram of the event topology and trigger requirements is shown in Fig. 1 . The strategy of the two-track trigger is as follows: at the first trigger level, the extremely fast tracker (XFT) [19] finds two oppositely charged tracks reconstructed in the COT, with a minimum transversemomentum ðp T Þ of 2:04 GeV=c for each track. The scalar sum of the p T from the two tracks is required to exceed 5:5 GeV=c, and the azimuthal angle between the two tracks ðÁÞ to be less than 135 . At the second trigger level, the silicon vertex trigger (SVT) [20] attaches hits measured with SVX II to the tracks found by XFT. The SVT reapplies the p T requirements made at level 1 and further requires that each track has a transverse impact parameter ðd 0 Þ, measured at the point of closest approach with respect to the beam line [21] , in the range 120 m-1000 m. In addition, Á between the two trigger tracks is required to be in the range 2 -90 . The intersection of the two tracks forms a displaced vertex. Finally, the quantity L 2trks r defined as the projection of the vector from the primary vertex to the displaced vertex onto the vector of the total momentum of the two tracks in the r À plane, must be larger than 200 m. The level 1 and 2 triggers are implemented in hardware, while at the third level, a cluster of computers uses all detector information to perform a full reconstruction of the event [22] . In addition to reinforcing the same requirements as applied at level 2, level 3 requires the difference in z between the two tracks at the point of closest approach to be less than 5 cm. The measurements presented in this article are based on an integrated luminosity of % 172 pb À1 collected between February 2002 and September 2003, comprising % 152 million two-track trigger events.
III. EVENT RECONSTRUCTION
The final states Ã þ c À and Ã þ c À X, where Ã þ c ! pK À þ , are reconstructed in the data collected with the two-track trigger. The selection criteria for the hadronic and the inclusive semileptonic decay modes are kept as similar as possible, which reduces systematic uncertainties on the relative branching fractions.
Both signal decays have a four-track topology. Therefore, events are selected that contain a minimum of four tracks, each with a minimum p T of 0:5 GeV=c, d 0 less than 5000 m (measured with the SVX II), a minimum of 20 hits each in the COT axial and stereo layers [23] , and a minimum of three axial hits in the SVX II. Each track is also required to be in the fiducial region of the COT and to traverse all 96 wire layers. Making these requirements on each track ensures good quality of the track reconstruction and good momentum resolution. In addition, the maximum requirement on d 0 suppresses background from daughters of K 0 S and Ã 0 and from particles produced by inelastic collisions of beam products with the detector material.
The reconstruction begins by identifying the Ã þ c candidate. Only combinations of three tracks that satisfy the requirements described above are considered. Every combination must have two positively charged tracks and one negatively charged track. At least one of the three tracks must match a displaced track found by the SVT (SVT track [24] ). The proton mass is assigned to the positively charged track of higher p T , the pion mass to the track of lower p T and the kaon mass to the negatively charged track. Assuming the proton track to be the higher p T track reduces the combinatorial background by % 50% while keeping % 90% of the Ã þ c signal. A three-track kinematic fit determines the Ã þ c decay vertex by varying the track parameters of the daughter particles simultaneously, within their uncertainties, so that the 2 between the adjusted and the original track parameters is minimized. Only threetrack candidates for which the fit converges and the invariant mass ðM pK Þ is in the range 2:18-2:38 GeV=c 2 are considered further.
Next, the selected Ã þ c candidate is combined with an additional negatively charged track to form a Ã 0 b candidate. This fourth track must be matched to a SVT track. The combination is considered a Ã 0 b semileptonic candidate, and a muon mass is assumed for this track if the following two requirements are satisfied. First, a CMU muon stub must be present within 30 cm of the extrapolated track at the CMU radius ðr ¼ 347 cmÞ in the r À view. Second, the matching 2 between the track and the stub positions [25] is less than 9. Otherwise, the combination is a Ã 0 b hadronic candidate, and a pion mass is assumed. Both the muon and the pion tracks from the Ã 0 b decay must extrapolate to the fiducial region of the CMU. Making the same fiducial requirement for the hadronic and semileptonic modes ensures that the tracking efficiency of both modes cancel in the ratio.
Once all four Ã 0 b -candidate tracks are found, the two tracks which have been matched to SVT tracks (one track from the Ã þ c candidate, the other is the fourth track) must pass the two-track trigger requirements as described in Sec. II. Then, a four-track kinematic fit is performed. This fit includes two constraints. First, the daughter tracks of the Ã þ c must originate from a common, tertiary vertex. Second, the trajectory of the Ã þ c candidate must intersect with that of the remaining Ã 0 b -candidate track, in three dimensions; this intersection is the decay vertex of the Ã 0 b candidate (defined as the secondary vertex). The secondary and tertiary vertices are determined in the fourtrack kinematic fit simultaneously. These constraints improve the precision of the Ã þ c decay vertex determination and the invariant mass of the Ã þ c candidate is recalculated. After the kinematic fit, the values of M pK must be in the range: 2:269-2:302 GeV=c 2 (2 around the mean) for the hadronic candidates and 2:18-2:38 GeV=c 2 for the inclusive semileptonic candidates (see Fig. 2 ). The wider Ã þ c mass window for the semileptonic candidates allows for the M pK spectrum to be fit to extract the yield N inclsemi . Also for the semileptonic decays, the four-track invariant mass M Ã c must be in the range of 3:7-5:64 GeV=c 2 , where the minimum requirement on M Ã c reduces the background from other c-hadron and b-hadron decays. See Sec. VI for more details.
In order to reduce the combinatorial backgrounds further, the selection criteria on the following variables are optimized: p T of the proton track, p T of the fourth 
where L c r is the projection of the vector from the secondary to the tertiary vertex onto the momentum vector of Ã þ c in the r À plane, and M Ã c is the world average of the Ã þ c mass [7] . The ct Ã has a similar definition:
where L b r is the projection of the vector from the primary to the secondary vertex onto the total momentum vector of the four tracks in the r À plane, p T ð4 trks Þ is the transverse component of the total momentum of the four tracks, and M Ã 0 b is the world average of the Ã 0 b mass [7] . Here, the primary vertex is estimated from the intersection of the beam line and the trajectory of the Ã 0 b candidate. The optimization procedure maximizes the signal significance of the hadronic decays,
À events in simulation multiplied by a data-to-MC scaling factor and B is the number of background events estimated from the Ã þ c À candidates in the data sideband. The data-to-MC scaling factor for S is obtained by comparing the number of signal events in data and simulation with relaxed requirements. The background B is estimated by fitting the mass sideband region above the Ã signal region around the peak. The optimized selection criteria are listed in Table I . Figure 2 (a) shows the reconstructed M Ã c spectrum from the hadronic data and Fig. 2(b) shows the reconstructed M pK spectrum from the inclusive semileptonic data, both after applying the optimized selections. The most significant peaks in Fig. 2 represent the signals for each decay mode. In order to obtain the correct signal yields, a good modeling of the mass spectra, which includes a description of signal and background, is needed. The mass spectrum shapes of backgrounds from partially reconstructed or misidentified b-hadron decays are determined by fitting the mass distributions from simulation. The next section describes details of the simulations used in this analysis.
IV. SIMULATION
In order to determine the mass spectrum shapes close to the signal peaks in Fig. 2 and to estimate the acceptance and efficiency of signal and background, both generatorlevel and full simulations are used. The generator-level simulation includes only the production and decay of b hadrons, and the analysis requirements are applied to quantities immediately after generation. The full simulation includes simulation of the CDF II detector and trigger, and track reconstruction. It was found that the efficiency ratios had = exclsemi from a generator-level simulation and from a full simulation differ by only % 3%. The generatorlevel simulation is used to estimate the quantities, which are found to be small or already have large uncertainties from other sources [27] : the size of the background contribution where the Ã B 0 result. Therefore, this 3% difference has a negligible effect on the final measurement. The following sections describe the key components of the simulations used in this analysis.
A. Production and decay of b hadrons
Two different programs are used to simulate b-hadron production: PYTHIA VERSION 6.2 [28] , which simulates all of the strong interaction processes that are involved in b-hadron production, and BGENERATOR [29] , which generates a single b hadron in the event. Since PYTHIA simulates all of the products of the p " p collision, it is computationally intensive to produce a given final state. Therefore, PYTHIA is used to estimate only the b "
b=c " c backgrounds in the inclusive semileptonic data (Appendix C). The PYTHIA generator simulates physics processes using leading-order matrix elements, supplemented by initial and final state radiation. The program also includes hadronization of the quarks and gluons in the final state and the beam remnants left when a parton undergoes high-momentum scattering. The BGENERATOR program is very efficient at producing a large sample of a specific b-hadron under well-defined kinematic conditions. It is used to determine the acceptance and efficiency for signal and other backgrounds and to model the mass spectra. In the BGENERATOR program, a single b hadron is generated using the measured p T spectra of b hadrons as inputs. The Ã After the event generation, the decays of the b and c hadrons and their daughters are simulated using the EVTGEN package [30] . For all other particles in the event, this is done by the PYTHIA program. The EVTGEN program uses the dynamics from a full matrix-element calculation and is tuned to measurements, mainly results from experiments at the Çð4SÞ resonance [31] [32] [33] [34] , where the decay models for the " 
B. Detector simulation and comparison of kinematic distributions
After an event has been simulated at the generator level, it is processed with a full simulation of the CDF II detector and trigger. The geometry and response of the active and passive detector components are simulated using the GEANT software package [26] . The events are then processed with a two-track trigger decision program and reconstructed using the same executable as that used to reconstruct the data. The resulting events have the same structure and format as the data and are analyzed in the framework described in Sec. III.
Distributions of kinematic variables from the full simulation with BGENERATOR input are compared with the same 
distributions from data. In order to compare the data and the simulation, the data distributions are background subtracted. The agreement between the data and the simulation is quantified by a 2 comparison probability and the ratio of spectra produced from the data and the simulation. All relevant distributions agree satisfactorily. Figure 3 shows good agreement between the data and the simulation in the p T ðÃ 0 b Þ and p T ð " B 0 Þ spectra. The p T of the b hadron is the most important kinematic variable in this analysis because the b-hadron momentum is distributed among three particles in the final state for the exclusive semileptonic decay and between two particles for the hadronic decay.
C. Acceptance and efficiency scale factors
In order to obtain accurate estimates of the acceptance and efficiency, several scale factors are applied to the number of events selected in simulation and their values are listed in Table II . As mentioned earlier, EVTGEN contains only a phase space simulation of semileptonic Ã 0 b decays. In order to estimate the effect of decay models on the signal acceptance, a weighting of the flat phase space distribution according to a form factor model from Huang et al. [9] for the hadronic current of the Ã 0 b to Ã þ c transition, and a V À A model for the leptonic current, is performed at the generator level. The ratio of the generator-level acceptance after weighting relative to that before weighting, C model , is found to be 0:994 AE 0:025. Since this ratio is consistent with unity, the PHSP full simulation samples are used throughout the Ã 0 b analysis. The correction factor C model , which accounts for the Ã 0 b semileptonic decay dynamics, is applied to the efficiencies for semileptonic decays. The shape of the M Ã c distribution is sensitive to the decay dynamics and may be used to cross-check the form factor and V À A models (termed FF). Figure 4 shows the reconstructed M Ã c distributions from the data and from the PHSP full simulation, before and after multiplying the MC histogram with the bin-bybin ratios, which are derived from the same generator-level simulation samples for C model [35] . The corrected distribu- tion has a significantly improved agreement with the data, which confirms the procedure for deriving C model .
In addition, the CMU muon reconstruction efficiency is found to be over estimated in the full simulation; the resulting scale factor, C CMU , is measured using a sample of J=c ! þ À decays [13] . The dependence of the XFT trigger efficiency on the particle species and p T is not included in the full simulation. Using a pure proton sample from the Ã 0 ! p þ À decays, and pure kaon and pion samples from the D Ã ð2010Þ þ ! D 0 þ decays, where [36] [37] [38] , the data-to-MC scaling factors C p , C K , and C are derived and applied to the track, which passes the trigger requirements in the reconstruction program.
With a reliable simulation for the modeling of mass spectrum shapes, the numbers of signal events can be determined by fitting the invariant mass spectra in Fig. 2 as described in the following section.
V. DETERMINATION OF THE SIGNAL YIELDS
The numbers of hadronic events ðN had Þ and inclusive semileptonic events ðN inclsemi Þ in Eq. (1) are extracted by fitting the M Ã c and M pK spectra in data, respectively. The fit to the mass spectra is performed using an unbinned, extended likelihood technique [39] , where the fit parameters are adjusted to minimize the negative log likelihood ðÀ lnLÞ. The general unbinned, extended log likelihood is expressed as
where i represents the i th candidate and m represents the reconstructed mass M Ã c or M pK . The numbers of signal and background events are denoted as N sig and N bg ; Sðm i Þ and Bðm i Þ are the normalized functions, which describe the shapes of signal and background mass spectra, respectively. Each C j is a Gaussian constraint on a specific fit parameter x j
where the parameter x j has a central value of j and an uncertainty of j . Because the data sample size is not large enough to determine these parameters accurately from the fit, they are constrained to values that are estimated from independent measurements and the full simulation. TABLE II. Acceptance and efficiency scale factors applied to the number of events selected in simulation. The p T is the transverse momentum (in GeV/c) of the track that passes the trigger requirements. The uncertainty on C p is obtained by taking the difference between the p T -dependent formula below and a constant from an average over the Ã 0 sample, 0.905. The uncertainties on C K and C are below 0.5% and have negligible effect on the final relative branching fractions.
Scale Factor
Value
Definitions of the constrained parameters ðx j Þ are given in Sec. VA. Correct modeling of the mass spectra is crucial in the determination of N had and N inclsemi . Two types of background appear in each mass window of interest. The first is combinatorial background. Combinations of four random tracks contribute to this background in both the hadronic and semileptonic modes. Combinations of a real c hadron and a random track contribute only in the hadronic mode. The mass spectrum of the combinatorial background is determined using data sidebands. The second background is misidentified or partially reconstructed decays of b hadrons. Their mass spectrum shapes are determined using the simulations as described in Sec. IV. The dominant contributing decays are identified with a generator-level simulation of inclusive b-hadron decays, and are categorized according to their mass spectrum shapes. Decay modes with similar shapes are generated together using a full simulation, with the number of generated events for each decay mode proportional to the fragmentation fraction times the branching ratio, and are parameterized by a single function. The functional form for each combined background spectrum is determined empirically to match the shape of simulated mass distribution. The parameter values of each function are obtained by fitting the simulated spectrum. When fitting data, the values of the shape parameters are fixed while the normalization is a free parameter. 
À yield returned by the fit is 179 AE 19. The signal peak at M Ã c % 5:6 GeV=c 2 is described by a Gaussian function. The width of the Gaussian is constrained in the fit to reduce the uncertainty on N sig . The constrained width is the product of a data/MC scale factor and the width of the M Ã c distribution in the full simulation, ð mass distribution (dark-gray filled region) dominated by 
B. The M pK spectrum for the Ã þ c À X yield Figure 5 (b) shows the M pK spectrum for events with muons, with the fit result superimposed. The inclusive Ã þ c À X yield returned by the fit is 1237 AE 97. The fit for the M pK spectrum is less complex than that for the M Ã c spectrum described above. Note that the signal peak includes the backgrounds, which also contain Ã þ c À in the final state (see Sec. VI). The signal peak at M pK % 2:3 GeV=c 2 is modeled by a Gaussian function. Background from the b-hadron semileptonic decays with a c-hadron daughter misidentified as a Ã þ c , such as "
, where D þ ! K À þ þ and one of the pions is assigned the proton mass, does not produce a peak or distinctive structure and is inseparable from the combinatorial background. These two backgrounds are combined and modeled by a second-order polynomial (light-gray filled region).
C. Summary
Table III summarizes the Ã 0 b hadronic and inclusive semileptonic yields and the 2 probability of corresponding fits. Each model describes the data well, as indicated by the 2 probability. In order to obtain the number of exclusive semileptonic signal events N exclsemi , the contributions from backgrounds, which also produce a Ã 
VI. COMPOSITION OF THE INCLUSIVE SEMILEPTONIC DATA
The B factories [31] [32] [33] [34] produce b hadrons in e þ e À interactions, where the beam energy may be used as a constraint when reconstructing events. This feature is particularly helpful for reconstructing semileptonic decays where a neutrino is missing. At the Tevatron, b hadrons are produced by the interactions between quarks and gluons with a broad parton momentum spectrum. Therefore, beam energy constraints are not available to aid b-hadron reconstruction. Backgrounds that contain a Ã þ c , a À , and other particles in the final state cannot be separated easily from the exclusive semileptonic signal
À " and will contribute to the inclusive Ã þ c À events observed in data. These backgrounds arise from three sources:
(1) false muon: a Ã þ c and a hadron track ( " The goal is to measure the branching fraction of the exclusive semileptonic decay relative to that of the hadronic decay. The backgrounds listed above must be subtracted from the observed number of inclusive semileptonic events in data. Equation (1) is then rewritten as follows:
The number of false-muon events ðN false Þ is obtained from data containing a Ã þ c and a hadron track satisfying reconstruction requirements, with the hadron track weighted by an appropriate muon-misidentification probability. The contributions from the b " 
Appendix C. The following sections describe the estimation of N false and N feed .
A. False muons
One type of semileptonic background is due to the pairing of a Ã þ c with a proton, a kaon, or a pion that is misidentified as a muon. A hadron is misidentified as a muon when it passes through the calorimeter into the muon detector, or when it decays into a muon in flight. The probabilities for a proton, kaon, or pion to be misidentified as a muon (P p , P K , and P , respectively) are measured using a pure proton sample from the Ã 0 ! p þ À decays, and pure K and samples from the [40] . The muonmisidentification probability is defined as the fraction of the CMU-fiducial and SVT-matched hadron tracks, which satisfy the muon identification requirement (a track associated with hits in the CMU and with a matching 2 less than 9). Figure 6 shows the P p (measured in 12 p T bins) and P , P K (measured in 16 p T bins) for positively and negatively charged tracks, separately. A difference is observed between P K þ and P K À in the low p T region, which is not seen for protons and pions. The larger hadronic cross section for the K À p scattering relative to that for the K þ p scattering results in a lower rate of K À being misidentified as muons passing through the calorimeter.
The contribution of the false-muon background to the
signal N false is obtained by weighting data containing a Ã þ c and a hadron track ðh À Þ, with the muon-misidentification probability ðP avg Þ as a function of the momentum of h À . This hadron track must extrapolate to the fiducial region of the CMU and fail the muon identification requirements in order to remove real muons. The other selection criteria for the Ã þ c h À sample are the same as those for the
The N false is then extracted from a 2 fit of the M pK distribution produced from the weighted Ã þ c h À sample. Figure 7 shows the result of the 2 fit.
Since no particle identification requirement is applied, whether h À is a proton, a kaon, or a pion cannot be determined from data. The muon-misidentification probability, P avg , is, therefore, an average of P p , P K , and P weighted by F p , F K , and F (the fractions of p, K, in h À ):
In order to determine F p , F K , and F , physics processes which produce these hadrons must be understood. The principal sources of these hadrons after analysis requirements are the decays
À misidentified as a muon and X could be nothing (e.g.,
À ) or any other particles which are not reconstructed (e.g.,
). Other sources include fragmentation of a primarily produced quark or gluon, inelastic collisions of secondary particles with the detector material, and decays of c hadrons. Hadrons that are not from b-hadron decays are suppressed by requiring that the transverse impact parameter ðd 0 Þ of the muon candidate is in the range 120 m-1000 m, and that the Ã . The probability for a proton, kaon, or pion to be misidentified as a muon as a function of p T [40] . Note that for the measurements with negative values, a zero muonmisidentification probability is used to weight the data. Table IV shows values obtained for F p , F K , F , and N false . The uncertainty on N false includes the statistical uncertainty from the 2 fit, the uncertainties on F p , F K , and F , and the uncertainties on the measured muonmisidentification probabilities. The N false is approximately 3.2% of the number of Ã þ c À X events.
B. Feed-in backgrounds
The feed-in backgrounds to the
, an antinucleon and leptons (e.g., 
and the ratio N feed =N had is expressed as
The 
signal, and for comparison, the number of the inclusive semileptonic events in data. Ã c ð2625Þ þ [41, 42] indicates the existence of
decays. In addition, the following decays may contribute to the Ã þ c À X final state:
The decay in the tau channel,
, also makes a small contribution. Equation (9) requires knowledge of the branching fractions of
À and these background decays. In order to reduce systematic uncertainties from theoretical predictions, the dominant background decays 
þð0:24Þ Àð0:18Þ
1.000 
À " branching fractions appear in the estimate of the backgrounds (Sec. VI B). It must be pointed out here that from Table VI, the total contribution of feed-in background is 24.0% and contributes at most this amount to the total uncertainty for this measurement. Furthermore, the ratio of the estimated BðÃ 
Among decays have been predicted, but with an uncertainty as large as 100% [45] .
In order to reduce the systematic uncertainty on the final measurement coming from the branching ratios of these backgrounds, the following decays are searched for in a larger Ã þ c X data sample ð360 pb À1 Þ: 
b=c " c and feed-in backgrounds to the Ã 0 
have a better resolution than the masses of the c-baryon candidates and are the figure of merit for detecting signal peaks. Figure 9 shows the mass difference distributions, where the numbers of signal events are determined by fitting the mass differences to a Gaussian for the signal and a kinematically motivated line shape for the combinatorial background. Table VII summarizes 
À " Þ ¼ 0:210 AE 0:042ðstatÞ þ0:071 À0:050 ðsystÞ; where the two AE c ð2455Þ modes are averaged. Assuming isospin symmetry leads to the estimate
The systematic uncertainties on the relative branching fractions come from variation of background fitting models and uncertainties on the low-momentum pion p T spectrum and the correction to the reconstruction efficiency. In order to convert the above measurements of the relative branching fractions into absolute branching fractions, an estimate of BðÃ contributions from both S and P wave amplitudes are expected. A sum of Bð " À " ' anythingÞ ¼ 9:9 AE 2:6%:
The following decays are, therefore, ignored in the central values but will be included in the systematic uncertainty:
An estimate of these branching fractions is obtained by moving BðÃ
' anythingÞ upward by 1. The remaining branching fraction is calculated to be 
The ratio of cross sections is calculated from the ex-
where
Þ CDFI is the CDF I result 0:236 AE 0:084
[12]. The C BR , C , and C p T are the correction factors to account for differences between the CDF I result and this analysis in the assumed BðÃ and " B 0 . Each correction factor is explained in the text that follows.
The CDF I analysis used electron-charm final states, such as À " ' Þ, was needed and estimated to be 7:94 AE 0:39%, while this analysis estimates the value to be 7:3 AE 1:4%. The uncertainty 1.4% is dominated by the difference from the DELPHI result (see Sec. VII A). In order to be consistent within this analysis, a correction to the branching fraction C BR is applied. The value of C BR is the ratio of 7.94% to 7.3% and found to be 1:09 AE 0:21.
In the CDF I analysis, the Ã 0 b and " B 0 p T spectra measured with fully reconstructed decays were not available. In order to extract the signal acceptance and efficiency, the Nason B 0 p T spectra from the NDE þ Peterson model are found to be harder (more b hadrons at higher p T ) than those measured in data, which indicates an over estimate of acceptance in the CDF I analysis, particularly for the Ã 0 b decays. The acceptance correction factor C is the ratio of acceptances using generator-level simulations with inputs from the measured p T spectra (identical to those described in Sec. IVA) and from the NDE þ Peterson model
where R is the ratio of the kinematic acceptances of Ã and " B 0 p T spectra; the scenario in Fig. 11(c) is what has been observed in data. A correction factor C p T is required:
The C p T is obtained using the generator-level simulation with inputs from the measured p T spectra of Ã 0 b and " B 0 (identical to those described in Sec. IVA). The value of the correction factor is found to be C p T ¼ 1:31 AE 0:11, where the uncertainty also comes from the uncertainties on the measured p T distributions in data.
After applying corrections C BR , C , and C p T , is calculated to be Table IX , and is found to be The ''syst other '' uncertainty includes the uncertainty on the CDF I measurement, and the uncertainty on G, which is dominated by the world average of 
VIII. SYSTEMATIC UNCERTAINTIES
The Ã 0 b relative branching fractions ðRÞ, with statistical uncertainty only, can now be extracted from Eq. (1):
A check of internal consistency is performed by dividing the data and simulation samples into several groups of independent subsets, according to the time period, vertex position, ct and p T of the Ã þ c candidate, ct Ã and p T of the Ã 0 b candidate, etc. Figure 12 shows that the R of each subset for each group is consistent with those of the other subsets in the same group. The result of this check also proves that there is no major problem in the detector, trigger, reconstruction, or simulation, which produces bias in the measurement.
The systematic uncertainties on R may be classified as internal and external. Internal uncertainties are those that affect the final measurement through their effects on the observed yields, the numbers of false-muon and b " b=c " c background events, and the modeling of acceptance times efficiency. External uncertainties are those from production fractions and branching ratios, which are used in Eqs. (9) and (A1) to determine N feed . The input value for each systematic source is varied by AE1, where is the uncertainty on the input value. The resulting difference in R from the central value is the systematic uncertainty. The following text describes how the uncertainty for each systematic source is obtained.
A. Internal systematic uncertainties
The signal yields N had and N inclsemi are affected by the background functions, which describe the mass spectra of misidentified or partially reconstructed decays of b hadrons. The systematic uncertainty on the M Ã c fitting model is estimated by changing the relative fraction of the contributing decays in each background function. The fragmentation fraction and the branching ratio of every contributing decay are varied independently according to their uncertainties by AE1 [62] . After combining these The uncertainty on the false-muon estimate is driven by 1) the size of the sample used to measure the false-muon probability, 2) the fit to the weighted Ã c mass distributions, and 3) the probability of a hadron track being a p, a K, or a , which is determined from simulation. The resulting changes in the number of false-muon events from the three sources above are added in quadrature and already listed in Table IV . The size of the b "
b=c " c background contribution has a 100% systematic uncertainty, due to a lack of knowledge of the relative b "
b=c " c production rates between different processes [63] and the 10-50% discrepancy of the inclusive hadron production cross section between PYTHIA and data (Appendix C).
The uncertainty on the modeling of acceptance times efficiency for signal and background processes arises from: the size of simulation samples, the shapes of the measured Ã Table II . The uncertainty from the detector material is obtained by switching off the hadronic interaction in the detector simulation and multiplying the efficiency difference from the central value by 25%. The 25% is a quadrature sum of the 15% underestimate in the amount of material and the 20% difference between the GHEISHA and FLUKA models [26, 64] . The Ã 0 b lifetime used as an input for BGENERATOR is varied according to the uncertainty on the world average [7] . The effect of the Ã 
B. External systematic uncertainties
There are two types of external systematic uncertainties. The first type is denoted as the ''PDG'' uncertainty and includes uncertainties on: the world average of Bð " 
decay (see Sec. VII A). The second type is denoted as the estimated from theory (''EBR'') uncertainty and comes from unmeasured branching fractions estimated from theory. A 5% uncertainty is assigned to the estimated branching fractions of the excited c-hadron decays [43] . A 100% uncertainty is assigned to the other unobserved b-hadron decays to cover the wide range of theoretical predictions [44] . Note that the uncertainty on the estimated BðÃ 
b relative branching fraction with complete uncertainties is found to be
¼ 16:6 AE 3:0ðstatÞ AE 1:0ðsystÞ þ2:6 À3:4 ðPDGÞ AE 0:3ðEBRÞ:
The uncertainties are from statistics (stat), internal systematics (syst), world averages of measurements published by the PDG or subsidiary measurements in this analysis (PDG), and unmeasured branching fractions estimated from theory (EBR), respectively.
IX. MEASUREMENTS OF THE " B 0 RELATIVE BRANCHING FRACTIONS
The same analysis technique used for the Ã 0 b samples is applied to the " B 0 decays. This section only describes the difference in the details of event reconstruction, yield determination, and background estimation and summarizes the systematic uncertainties.
A. Reconstruction of the " B 0 candidates
The following decay modes are reconstructed in the data collected with the two-track trigger:
(
The requirements on the " B 0 and Ã 0 b candidates are kept as similar as possible.
For the reconstruction of D þ ! K À þ þ decays, the pion mass is assigned to the two positively charged tracks and the kaon mass to the negatively charged track. The invariant mass of the three tracks ðM K Þ, as computed by a three-track kinematic fit, is required to be in the range 1:74-2:00 GeV=c 2 . The D Ã ð2010Þ þ signals are reconstructed by first looking for D 0 ! K À þ candidates. A two-track kinematic fit determines the D 0 vertex, and the invariant mass of the two tracks ðM K Þ is required to be within the range 1:820-1:906 GeV=c 2 . Then, the pion mass is assigned to an additional positively charged track. This third track is expected to have a low p T due to the small four-momentum transfer in the D Ã ð2010Þ þ ! D 0 þ decay. However, a minimum p T requirement of 0:5 GeV=c is imposed to ensure a good measurement of the pion track. For the D Ã ð2010Þ þ candidate, the mass difference, M K À M K , must be within the range 0:14-0:18 GeV=c 2 . In order to form a "
þ candidates are then combined with an additional negatively charged track, which satisfies the requirements described in Sec. III. After the four-track kinematic fit, the values of 2 and the combinatorial background are described by a Gaussian function and an exponential, respectively. The ratio of the number of doubly Cabibbo-suppressed decays relative to that of the signal mode N DK =N D is Gaussian constrained to the value for the relative branching ratio from the PDG, convoluted with the efficiency from the full simulation. The constrained value is 0:073 AE 0:023. Backgrounds from the other b-hadron decays consist of the following decays:
À and the pion mass is assigned to one of the kaons, appear as a peak at around 5:31 GeV=c 2 . 
and the pion mass is assigned to the proton, form a broad peak around 5:4 GeV=c 2 . The backgrounds from the " Figure 13(b) shows the fit result for the M K spectrum for events with muons. The inclusive D þ À X yield returned by the fit is 4720 AE 100. The signal peak at M K % 1:9 GeV=c 2 is described by a Gaussian function. The combinatorial background (light-gray filled region) is parameterized by a first-order polynomial. Misidentified
, where the mass of at least one D þ s daughter has been misassigned, appear in the mass window of interest. The dominant ized by a constant, while the background from other b-hadron decays with misidentified c-hadron daughters is found to be negligible. The size of the combinatorial background is very small due to the requirement that M K is consistent with the world average D 0 mass, the minimum requirement on the mass M D Ã , and the minimum requirements on the p T and the number of SVX hits for the low-momentum pion from the D Ã ð2010Þ þ decay (Sec. IX A). The fitting function for this spectrum does not use any branching ratios and no systematic uncertainty is assigned.
Table XII summarizes the " B 0 hadronic and inclusive semileptonic yields and the 2 probability of corresponding fits. Each model describes the data well, as indicated by the 2 probability.
C. Compositions of the inclusive semileptonic data
The procedures for estimating the backgrounds to the
decays are similar to those described in Sec. VI. The following describes the differences when estimating the feed-in background N feed in the " B 0 system. Unlike the Ã 0 b system, many decays of b and c mesons have been measured by other experiments [31] [32] [33] [34] , and serve as inputs to the EVTGEN decay package. In addition, EVTGEN also includes estimates of branching fractions for decay modes that have not yet been measured. Therefore, all possible decays that may contribute to the N feed in the " B 0 control samples are studied using the PDG summary and the default EVTGEN decay table [7, 30] .
The feed-in backgrounds to the "
signals fall into two categories:
s , which include either additional particles (e.g., " one c meson decays hadronically in a reconstructed final state, the other c meson decays semileptonically (e.g., "
Branching fractions of the " B ! D " D decays relative to the signal are all below 3%. A generator-level study indicates that they are further suppressed after a minimum requirement on the four-track invariant mass M DðD Ã Þ , and therefore, contribute less than 1% to the signal. Backgrounds from b mesons decaying semileptonically to more particles or higher mass c mesons are also reduced or eliminated by the same minimum mass requirement.
Tables XIII and XIV summarize the feed-in backgrounds that contribute ! 1% to the "
decays. The definition of quantities listed in each column follows Table V. Only   TABLE XII . Observed number of events in each decay mode determined from the unbinned, extended likelihood fit, 2 =NDF, and the corresponding probability computed to indicate quality of the fit.
Mode
Yield 2 =NDF Prob (%) 79, 032001 (2009) these decays are subtracted from the inclusive semileptonic yield. The leading background to " b=c " c. Figure 15 shows a summary of internal-consistency checks. The fractional systematic and statistical uncertainties on the " B 0 relative branching fractions are summarized in Table XVII . The leading sources of internal systematic uncertainties are the mass fitting models and the shape of 
D. Systematic uncertainties
Þ from the PDG is used to obtain N feed =N had [69, 70] . Numbers in parentheses are estimated uncertainties for the unmeasured branching fractions [71] . The definition of quantities listed in each column follows Table V . 
B 0 relative branching fractions with complete uncertainties are found to be
9 AE 1:0ðstatÞ AE 0:6ðsystÞ AE 0:4ðPDGÞ AE 0:5ðEBRÞ; The uncertainties are from stat, internal syst, world averages of measurements published by the PDG or subsidiary measurements in this analysis, and unmeasured branching fractions EBR, respectively.
X. RESULTS
The Ã 0 b and " B 0 relative branching fractions are measured to be: 
9 AE 1:0ðstatÞ AE 0:6ðsystÞ AE 0:4ðPDGÞ AE 0:5ðEBRÞ; [7] . The measurements of this analysis include both the statistical and the systematic uncertainties.
Mode

PDG This Analysis
Bð "
8:1 AE 0:6 9 :9 AE 1:3 2008 PDG [7] at the 1:3 and 0:8 level, respectively, (see Table XVIII ). The measured ratio of Ã 0 b branching fractions is compared with the predicted value based on HQET. The prediction has a % 30% uncertainty and is obtained by combining the results of Huang et al. [9] and Leibovich et al. [10, 72] . Figure 16 shows the consistency between this measurement and the theoretical prediction.
The branching fractions of the four new Ã 
þ À Þ are found to be in good agreement with the world averages [7] . For the first time, the semileptonic decay
has been observed, and three other semi- 
Since the Ä b decays have a decay topology similar to 
The b events are first generated with PYTHIA. The p T of the hard scattering, i.e., the part of the interaction with the largest momentum scale, is required to be greater than 5 GeV=c. At least one b quark must have a p T greater than 4 GeV=c and jj less than 1.5. The value of b " b , after applying the kinematic requirements above, is obtained from PYTHIA, since the status of the b " b measurements at the Tevatron is still inconclusive [83] [84] [85] . Then, the gluon-splitting events are filtered, and the decays are simulated with EVTGEN. Only events with a À and a Ã þ c , which pass the generator-level trigger and analysis requirements, are considered further. Ancestors of the À and the Ã þ c determine whether they originate from b " b pairs or single b hadrons, and are retrieved by tracing the information from the generator. The number of events satisfying these criteria divided by the number of generated events gives the product P ðb ! Ã þ c XÞP ð " b ! À XÞ b " Table XXI lists the parameters for the determination of the numerator of Eq. (C2). Table XXII . 18 (color online) . The c hadrons from c " c with (a) small and (b) large Á. Unlike Fig. 18(b), Fig. 18(a) c events. The Áp T corresponds to the bin width of each p T bin, which is the same as that in [13, 80, 86] . The discrepancy between the PYTHIA and the data cross sections is generally within 10% for c hadrons and 50% for b hadrons, which is included in the systematic uncertainty in Sec. VIII.
Cross-check using the signed impact parameter distributions
As an additional cross-check, the signed impact parameter distributions (signed d 0 ) of the Ã þ c baryons with respect to the primary vertex, in data and the full simulation, are also compared. The signed impact parameter is defined as d 0 ¼ Qðr 0 À Þ, where Q is the charge of the particle and r 0 is the distance between the beam line and the center of the helix describing the track in the transverse plane. The parameter is the radius of the track helix. 
